In this study, crab shell bioactive peptides were heated with fructose. The antioxidant and antibacterial activities of the crab shell bioactive peptides and the derived Maillard reaction products were evaluated. The results showed that fructose modification was helpful in increasing the antioxidant activity and brought strong antibacterial activity to the crab shell bioactive peptides. The increase of antioxidant activity was a positive correlation with the fructose concentration and pH. And the increase of antibacterial activity was a positive correlation with the reaction pH. In addition, as suggested by the result of molecular weight distribution, the active components in the Maillard reaction product might be the 2-5 kDa fractions. The results indicated that the Maillard reaction was a very effective method for improving the antioxidant and antibacterial activities of bioactive peptides.
Introduction
During the processing of aquatic products, a large amount of waste is produced. Using enzymatic hydrolysis method to produce bioactive peptides is an effective way to utilize these wastes and has gradually become a research hot spot in related fields. [1] Crab is a large marine economic food in the world. Almost 30% of by-products which are mainly crab shells were generated during the processing. Crab shells are rich in protein and many nutrients (such as trace iron, copper, and zinc) and are beneficial to the human body. [2] Using enzymatic hydrolysis method to utilize crab shells and produce antioxidants and antibacterial peptides will effectively improve the application and economic values of the crab.
However, although enzymatic hydrolyzed bioactive peptides have antibacterial or antioxidant activity, there are still some problems with bioactive peptides, such as low antimicrobial activity and easy degradation by proteases. To solve these problems, the Maillard reaction modification is an effective method. [3, 4] The Maillard reaction is a reaction between amino compounds (amine, amino acid, peptide, and protein) and carbonyl compounds (carbohydrates) during food processing and storage. It is the main source of the color and aroma for the processed foods and has special meaning in food production. During food processing, the Maillard reaction is often used to improve the functional and flavor properties of proteins or peptides. [5] In addition, through the Maillard reaction, the original bioactivity of the peptides will be enhanced or a new bioactivity property will be obtained, such as enhanced antibacterial activity, antioxidant activity, antihypertensive activity, or anticancer activity. [6] [7] [8] [9] melanoidins, such as aldehydes, ketones, and heterocyclic compounds. It has been suggested that the activity of Maillard reaction products (MRPs) is comparable to that of antioxidants or antimicrobials commonly used in food. [8] Karnjanapratum et al. (2016) reported that MRPs derived from gelatin hydrolysate of unicorn leatherjacket skin could be used as alternative antioxidants in food products. [10] Using Maillard reaction-modified crab shell bioactive peptides (CSBPs) can not only improve the activity and stability of the peptides but also effectively prevent peptides from being degraded by proteases. The Maillard reaction will be a good modification method for bioactive peptides.
In this study, proteins in the crab shells were recovered by enzymatic hydrolysis. The effects of Maillard reaction modification on CSBPs were studied for the first time. The antioxidant activity, antibacterial activity, browning intensity, total free amino acid concentration, and molecular weight distribution were estimated. The approach may have practical implications for the effective utilization of crab waste and provide a theoretical basis for further separation and identification of the effective active components in MRPs.
Materials and methods

Materials
A schematic overview of the experimental study is shown in Supplementary Figure S1 . Protamex, Flavourzyme, xylose, arabinose, glucose, lactose, fructose, galactose, saccharose, and maltose were purchased from Solarbio (Beijing, China). Ascorbic acid (vitamin C, Vc), 1,1-diphenyl-2-picrylhydrazyl (DPPH), antibiotics, BSA (66.4 kDa), RNase A (13.7 kDa), aprotinin (6.5 kDa), vitamin B12 (1355 Da), and oxidized glutathione (612 Da) were purchased from Sigma-Aldrich (St. Louis, MO, USA). A hydroxyl radical kit, total antioxidant activities (T-AOC) kit, and a total amino acid assay kit were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Other chemicals were of analytical grade.
The swimming crab shells were taken directly from the pilot plant transformation line in a sanitary manner. Prior to use, crab shells (legs, claws, and cephalothorax shells) were ground and then stored at −20°C until further analysis. The crude protein content of crab shells was 21.8% which was measured by the Kjeldahl method (Liu et al., 2007) . [11] Escherichia coli (ATCC25922), Staphylococcus aureus (ATCC25923), Listeria monocytogenes (ATCC19115), and Vibrio parahaemolyticus (ATCC17802) were used in this study.
Preparation of crab shell bioactive peptides
For the production of CSBPs by protease, the following method was used. [12] Ten grams of crab shell powders were mixed with 80 mL of distilled water and homogenized. The homogenate was first hydrolyzed with Protamex and then hydrolyzed with Flavourzyme under the enzyme's optimum conditions. The enzyme/substrate ratio was 1:1,000 (w/w). The pH of the slurry was first adjusted to 8.0 by the addition of 1 M NaOH. The pH of the slurry was constantly maintained during hydrolysis by addition of 1 M NaOH. After hydrolysis for 10 h at 45°C, the enzymes were inactivated at 85°C for 10 min. Then, the mixture was cooled to 45°C and pH adjusted to 5.0 by 1 M HCl. Then, the mixture hydrolyzed by Flavourzyme for 10 h. The pH of the slurry was constantly maintained during hydrolysis by addition of 1 M HCl. The enzymes were inactivated at 85°C for 10 min, and the hydrolysate was centrifuged (gravity force of approximately 11,000 × g) in order to separate suspended insoluble solids and lipids from the hydrolysate. The final fractions (soluble peptides) were freeze-dried. These peptide powders were CSBPs and were stored at 4°C.
Maillard reaction and thermal degradation
MRPs were prepared according to the following procedure: 100 mL CSBPs (solid content 10 mg/mL) and 100 mL fructose (5, 10, 20 , and 40 mg/mL) were mixed and heated at 100°C. The pH of the mixture was adjusted to 8-12 with NaOH. After reacting for 1 h, the reaction was stopped by cooling the products immediately, and the pH of the mixtures was adjusted to approximately 7.0. The products were freeze-dried and maintained at −20°C until further use. To prepare the thermal degradation products (TDPs), the same methods as described above were used without the addition of fructose.
Browning index
The degree of the Maillard reaction could be shown by the absorbance of the product at 420 nm (Browning index). [13] The higher the browning index was, the more extensive the Maillard reaction is. [14] The absorbance at 420 nm of the MRPs generated under different conditions was measured. Furthermore, the absorbance at 420 nm of the CSBPs (without heating or the addition of fructose) and TDPs was measured as a control.
Antioxidant activity assay
The total antioxidant activities (T-AOC) were measured using a T-AOC kit according to the manufacturer's instructions. One unit of T-AOC was defined as 1 mg of samples that resulted in an absorbance increase of 0.01 min −1 at 520 nm (with 1 cm optical path length). The T-AOC capacity was calculated as follows:
where n is the dilution ratio of the sample, A control is the absorbance of the control reaction containing all reagents except the sample, A sample is the absorbance of sample reaction with all reagents, V total is the total volume of the reaction, and V is the volume of sample. Thirty is the reaction time. C sample is the concentration of the sample. Ascorbic acid was used as positive control. The DPPH radical scavenging activity assay was carried out based on a method described by Zhu et al. [15] A volume of 75 μL of sample was added to 150 μL of DPPH solution (0.03% in ethanol) as a free radical source. The mixtures were shaken and then incubated for 15 min in a darkroom at room temperature. Scavenging capacity was measured by monitoring the decrease in absorbance at 517 nm. Ascorbic acid was used as positive control. DPPH radical-scavenging capacity was calculated as follows:
where A control is the absorbance of the control reaction containing all reagents except the sample and A sample is the absorbance of the sample with the DPPH solution.
The hydroxyl radical scavenging assay was carried out based on a method described by Girgih et al. [16] The reaction mixture without any antioxidant was used as the negative control, and the mixture without H 2 O 2 was used as the blank. The hydroxyl radical scavenging activity was calculated as follows based on absorbance change (△A):
Hydroxyl radical scavenging activity % ð Þ¼ ðVA Control min À1 À VA sample min
À1
VA control min À1 Þ Â 100
The reducing power was determined based on a method described by Ahmadi et al. [17] The samples were dissolved in distilled water to obtain a concentration of 40 mg/mL. An aliquot (0.5 mL) was mixed with 0.5 mL of phosphate buffer (pH 6.6, 0.2 M) and 0.5 mL of 10 mg mL −1 potassium ferricyanide. The mixture was incubated at 50°C for 20 min. Then, 0.5 mL of 10% trichloroacetic acid was added. After centrifugation at 1,500 × g for 10 min, 1.0 mL of the supernatant was collected and mixed with 1.0 mL of distilled water and 0.2 mL of 0.1% (w/v) ferric chloride. After standing at room temperature for 10 min, the absorbance was measured at 700 nm. An equivalent volume of distilled water instead of the sample was used for the blank. An increased absorbance of the mixture indicated the increased reducing power.
Antibacterial effect
Cell suspensions (1 × 10 7 cfu/mL, 50 μL) were added to agar plates before paper disks (6.0 mm in diameter) containing test solutions were placed on the plates. [18] After incubation at 37°C for 24 h or 48 h, the inhibition zones were measured. E. coli (ATCC25922), S. aureus (ATCC25923), L. monocytogenes (ATCC19115), and V. parahaemolyticus (ATCC17802) were used in this study. The culture media for E. coli and S. aureus was nutrient agar (NA). The culture media for L. monocytogenes was trypticase soy agar with 0.6% yeast extract (TSA-YE). The culture media for V. parahaemolyticus was NA+3% NaOH.
Total free amino acid assay
The total free amino acid concentration was determined by a free amino acid kit according to the manufacturer's instructions. The absorbance of the reaction was measured at 650 nm. Amino acid mixtures at 50 μM were using as the standard. The reaction mixture without any antioxidant was used as the blank. The hydroxyl radical scavenging activity was calculated as follows:
Molecular weight distribution and antioxidant activity analysis
An HPLC method was used to measure the molecular weight distributions of the samples on a TSKgel G2000SWXL column (7.8 × 300 mm, TOSOH, Japan). [19] Sodium phosphate buffer (0.02 M, pH 7.2) containing 0.25 M NaCl was used as the mobile phase. BSA (66.4 kDa), RNase A (13.7 kDa), aprotinin (6.5 kDa), vitamin B12 (1355 Da), and reduced glutathione (307 Da) (Sigma Co., St. Louis, MO, USA) were used as standards.
The MRPs which had the highest antioxidant activity was passed through TSKgel G2000SWXL column and collected the fractions according to the molecular weight. Fraction Ⅰ was the 2-5 kDa products. Fraction Ⅱ was the 1-2 kDa products. Fraction Ⅲ was the 0.5-1 kDa products. And Fraction Ⅳ was the <0.5 kDa products. These fractions were lyophilized and dissolved in water at a concentrate of 0.1 mg/mL. The DPPH radical scavenging activity of these fractions was analyzed as described above.
Statistical analysis
The data were analyzed using SPSS software (version 18.0). Differences were considered significant at p < 0.05. All experiments were carried out in triplicate, and the results were expressed as the mean ± standard deviation.
Results and discussion
Selection of the optimum reducing sugar
The T-AOC activities of the MRPs generated from the reaction between the CSBPs and different kinds of reducing sugars (xylose, arabinose, glucose, lactose, fructose, galactose, and maltose) at 100°C for 1 h were analyzed. As shown in Figure 1 , after modified by reducing sugars, the T-AOC activity of the MRPs was higher than that of the CSBPs. Moreover, as the kinds of reducing sugars were different, the T-AOC activity-enhancing effect was different. This result was consistent with previous research, which suggested that the Maillard reaction can improve the antioxidant activity of bioactive peptides. [20, 21] In addition, the T-AOC activity of the TDPs was decreased, which suggested that the high temperature destroyed the antioxidant component of the CSBPs and reduced the antioxidant activity. In this study, the T-AOC activity of the CSBPs was significantly increased after modification by xylose, arabinose, fructose, and sucrose. As CSBPs modified by fructose had the highest T-AOC activity, fructose was selected for the modification of the CSBPs, and the relationships between antibacterial/antioxidant activity and reaction pH and fructose concentration were further studied.
Influence of the Maillard reaction on the browning index
The browning index of the MRPs generated from the reaction between the CSBPs and different concentrations of fructose at different pH values was analyzed. The results are shown in Figure 2 . As the reaction pH and fructose concentration increased, the browning index of the MRPs was increased. The browning index was a positive correlation with the fructose concentration and reaction pH (Tables 2 and 3) . Similar results were also reported by Nie et al. [22] and Hwang et al., [23] which reported that the browning index also increased as the fructose concentration increased. In addition, it had been reported that the mass ratio of reactants involved in the Maillard reaction was significantly influenced the production of final brown pigments. [24] Luo et al. [25] noted that the UV absorbance of the MRPs from the reaction of chitosan and xylan in a 1:3 mass ratio displayed the sharpest increase at 6 h of heating. In our study, it was to note that the rise of fructose concentration affects the rate and extent of the Maillard reaction, which was consistent with the result of Luo et al. [25] In addition, the browning index of the TDPs was similar to that of the MRPs generated from the CSBPs and fructose at pH 8.0. Browning index is often used to reflect the degree of the Maillard reaction between a protein/peptide and a sugar. [14] The increase in the browning index of the TDPs indicated that the CSBPs might contain reducing sugars. And the Maillard reaction could occur when heating the CSBPs, leading to an increase in the browning index. 
Influence of Maillard reaction on antioxidant activities
There are two main methods for evaluating the antioxidant activity of bioactive substances in vitro.
One is measuring the ability of the samples to inhibit lipid oxidation. The other is measuring the ability of the samples to remove free radicals. [26] In this study, the antioxidant activities of the CSBPs and MRPs were analyzed using DPPH radical scavenging activity, hydroxyl radical scavenging activity, and reducing power assays. The results are shown in Figure 3 .
DPPH is a stable free radical which is purple and has a specific absorption peak at 517 nm. DPPH accepts electrons or hydrogen radicals to become a stable diamagnetic molecule and can be reduced by an antioxidant. Removing DPPH can cause decolorization and reduction in the absorbance at 517 nm. The rate of the decrease in color indicates the DPPH scavenging capacity. [27] Thus, the DPPH radical scavenging activity assay is extensively used to evaluate the primary antioxidant activity of antioxidants. This method can accommodate many samples in a short period and is sensitive enough to measure the loss of absorbance at low concentrations. [28] As shown in Figure 3a , the DPPH radical scavenging activity of the MRPs was increased as the fructose concentration and reaction pH increased and was higher than the CSBPs. At pH 8-9, the fructose concentration and reaction pH had little effect on DPPH radical scavenging activity. However, when the reaction pH was higher than 10, the fructose concentration and reaction pH significantly affected the DPPH radical scavenging activity of the MRPs. As the reaction pH increased, the DPPH radical scavenging activity of the MRPs was increased from 46.1% to 80.3%, which was comparable to that of chicken bone peptide MRPs. [22] The results suggested that the Maillard reaction between the CSBPs and fructose could improve the DPPH radical scavenging activity of the CSBPs. And the DPPH radical scavenging activity increasing effect was positively correlated with the fructose concentration and reaction pH (Tables 2 and 3 ). In addition, the DPPH radical scavenging activity of the MRPs was higher than that of ascorbic acid. In this study, the DPPH radical scavenging activity of 0.1 mg/mL ascorbic acid was 40.7% and that of 0.1 mg/mL CSBPs was 39.2%. The antioxidant activity of CSBPs was similar to the ascorbic acid. Other researchers also reported the similar results. [29] However, at pH 12 and a fructose concentration of 40 mg/mL, the DPPH radical scavenging activity of 0.1 mg/mL MRPs was 80.3%, which was significantly higher than that of ascorbic acid.
Hydroxyl radicals are the most active and detrimental reactive oxygen species in biological systems. [30] Hydroxyl radicals can easily react with biological molecules such as proteins, amino acids, and deoxyribonucleic acid as well as induce lipid peroxidation. [31] Therefore, hydroxyl radical scavenging is probably one of the most powerful defense mechanisms of living organisms. As shown in Figure 3b , the changing trends in the hydroxyl radical scavenging activity of the MRPs were similar to that of the DPPH radical scavenging activity. The hydroxyl radical scavenging activity of the MRPs increased as the fructose concentration and reaction pH increased and was higher than that of the CSBPs. Similar results were described in the D-xylose-glycine reaction systems. [32] Compared with the DPPH radical scavenging activity, the hydroxyl radical scavenging activity of the CSBPs was relatively low (only 9.1 U/mL). The Maillard reaction greatly enhanced the hydroxyl radical scavenging activity of the CSBPs. The highest hydroxyl radical scavenging activity of the MRPs was 81.3 U/mL, which was nine times higher than that of the CSBPs and significantly higher than that of ascorbic acid (9.8 U/mL). The reducing power assay is often used to evaluate the ability of an antioxidant to donate an electron or hydrogen. Reducing power serves as a reflection of antioxidant activity, and high reducing power indicates strong antioxidant activity. Many reports have revealed that there is a direct correlation between the antioxidant activity and reducing the power of bioactive compounds. [33] In this study, the ability of CSBPs to reduce Fe 3+ to Fe 2+ was determined. As shown in Figure 3c , the reducing power changing trends of the MRPs were similar to that of the DPPH radical scavenging activity. The reducing power of the MRPs increased as the fructose concentration and reaction pH increase and was higher than that of the CSBPs. Liu et al. [24] reported that the MRP samples containing a higher level of galactose had a greater reducing power than those with a lower level. The results of this study were consistent with these conclusions. In our study, the reducing power of 0.1 mg/mL ascorbic acid was 0.58, while that of the MRPs was 0.79 (at pH 12 and a fructose concentration of 40 mg/mL). The reducing power of the MRPs was significantly higher than that of ascorbic acid.
In sum, considering all of the abovementioned results together, fructose modification can significantly increase the antioxidant activities of CSBPs. In addition, the antioxidant activity of the MRPs increased as the reaction pH and fructose concentration increasing (Tables 2 and 3 ). At pH 12 and 40 mg/mL fructose, the antioxidant activities of the MRPs were higher than that of ascorbic acid. Comprehensive analysis of these three kinds of antioxidant activities showed that the MRPs were more sensitive to hydroxyl radicals and has an activity that was 9.3 times higher than that of ascorbic acid. The results suggested that the antioxidant activity of MRPs (fructose-modified CSBPs) was higher than the ascorbic acid, and the MRPs could be used as alternative antioxidants in food production.
Influence of Maillard reaction on antibacterial activity
It has been shown that MRPs generated from peptides and reducing sugars can produce substances with antibacterial activity. [21] In this study, the antibacterial activities of MRPs (at a fructose concentration of 40 mg/mL and in the pH range of [8] [9] [10] [11] [12] were analyzed by the inhibition zone method. The antibacterial activities of the CSBPs, TDPs, and MRPs on four common pathogens of aquatic products were detected. As shown in Table 1 , the CSBPs and TDPs had no obvious antibacterial activity against the four kinds of bacteria. However, the MRPs had an inhibitory effect on all four kinds of bacteria. The antibacterial activity of the MRPs was increased as the reaction pH increased, which meant that the antibacterial activity was a positive correlation with the reaction pH (Table 1) . Furthermore, the antibacterial activity of the MRPs against gram-negative bacteria was significantly higher than that of the gram-positive bacteria. As the reaction pH increased, the antibacterial activity of the MRPs against gram-positive bacteria was only slightly increased. However, the antibacterial activity against gram-negative bacteria was significantly increased. At pH 12, the inhibition zone of the MRPs for E. coli and V. parahaemolyticus was larger than 15 mm, which was similar to the 20 μg/mL ampicillin. At present, there was little research on the antibacterial activity of Maillard reaction-modified peptide. Song et al. [34] reported that half-fin anchovy Tips: Inhibition zone: ++++ >15 mm, +++ 10-15 mm, ++ 7-10 mm, + <7 mm, nt: not detected. The MRPs which generated at the condition of 40 mg/mL fructose concentration and pH range of 8-12 were indicated by 1, 2, 3, 4, and 5. 6: 10 mg/mL ampicillin, 7: 20 mg/mL ampicillin. ** means significant difference at p< 0.01.
hydrolysate-glucose MRPs had strong antibacterial activities on the spoilages from shrimp and crab, which suggested that Maillard reaction could endow peptide antibacterial activity. The results of this study were consistent with these conclusions. In general, Maillard reaction modification could endow the CSBPs with a relatively high antibacterial activity, and the MRPs could inhibit the growth of both gram-positive and gram-negative bacteria.
Changes in total free amino acid concentration
It has been reported that, to some extent, the change in free amino acid content reflects the degree of the Maillard reaction. [3] The more free amino acids are consumed, the greater the degree of the Maillard reaction. [4] In this study, as the reaction pH increased, the content of free amino acids showed a trend of rising first and then decreasing (Figure 4 ). It might be two possible reasons. First, the CSBPs might be hydrolyzed under alkaline conditions, which would result in an increase in free amino acid content. Second, as the reaction pH increased, the degree of the Maillard reaction was increased, which would lead to the consumption of free amino acids. [35] Considering these two aspects, the free amino acid content increased first and then decreased as the reaction pH increased. The results of the total free amino acid content suggested that the increase in reaction pH and fructose concentration was conducive to the Maillard reaction between the CSBPs and fructose. The result was consistent with that of the browning index.
Molecular weight distributions
The molecular weight distributions of the CSBPs, TDPs, and MRPs are presented in Figure 5 . A typical HPLC chromatogram for the molecular weight distribution of the MRPs and the calibration curve were shown in Supplementary Figure S2 . The results showed that the main component of CSBPs was 0.5-1 kDa fractions (46.1%). As the fructose concentration and reaction pH increased, the amount of the 0.5-1 kDa fractions in the CSBPs reduced, and the amount of 2-5 kDa fractions in the MRPs increased, which suggested that the main reaction components in the CSBPs were 0.5-1 kDa fractions. When the pH was 12 and fructose concentration was 40 mg/mL, the 0.5-1 kDa fractions in the CSBPs were almost completely consumed.
Compared to the CSBPs, the MRPs with molecular weights less than 0.5 kDa showed a tendency to increase first and then decrease with the increase of reaction pH. It might be two possible reasons. First, the CSBPs were hydrolyzed at high temperature, and fractions with molecular weight less than 0.5 kDa were produced. Second, as the reaction pH was low, the degree of Maillard reaction was low, and the consumption of CSBPs fractions with molecular weight less than 0.5 kDa was slow. [36] These two factors led to the result that molecular weights less than 0.5 kDa fractions in MRPs showing a tendency to increase first and then decrease with the increase in reaction pH. For the 1-2 kDa fractions of the MRPs, there was no obvious regularity. Either an increase or decrease was seen as the fructose concentration and reaction pH increased. When the CSBPs reacted with fructose, the CSBPs might hydrolyze, and the macromolecules in the CSBPs would further hydrolyze into small molecules. At the same time, the small molecules in the CSBPs would form products with larger molecular weights. Therefore, there was no obvious regularity of the 1-2 kDa fractions.
In sum, the content of 2-5 kDa fractions in the MRPs was a positive correlation with the pH and fructose concentration (Tables 2 and 3 ). The content of 0.5-1 kDa and <0.5 kDa fractions in the MRPs was a negative correlation with the pH and fructose concentration (Tables 2 and 3 ). The results showed that degradation and cross-linking processes simultaneously existed during the Maillard reaction of high-molecular-weight peptides, but the cross-linking process had a leading role under the experimental conditions. It has been reported that owing to peptide cross-linking in the Maillard reaction, the content of high-molecular-weight products tends to increase. [37] The results of this study were consistent with this observation.
Relationship between the antioxidant activity and molecular weight
In this study, the relationship between the antioxidant activity and molecular weight of MRPs was analyzed. The MRPs which had the highest antioxidant activity (at a fructose concentration of 40 mg/mL and pH 12) were passed through a TSKgel G2000SWXL column and collected the fractions according to the molecular weight. FractionⅠ was the 2-5 kDa products. Fraction Ⅱ was the 1-2 kDa products. Fraction Ⅲ was the 0.5-1 kDa products. And Fraction Ⅳ was the <0.5 kDa products. As shown in Figure 6 , the DPPH radical scavenging activities of the fraction Ⅰ, Ⅱ, Ⅲ, and Ⅳ at 0.1 mg/mL were 92.4%, 33.6%, 20.4%, and 53.2%, respectively. Combining the molecular weight distribution results, it could be deduced that the 2-5 kDa fraction in the MRPs was the main active component. As the content of 2-5 kDa fractions was higher, the antioxidant activity of MRPs was higher.
During Maillard reactions, macromolecules are produced due to the cross-linking of reducing sugars with peptides or amino acids. At the same time, proteins or peptides can be degraded into small molecule peptides or free amino acids. The Maillard reaction conditions determine the molecular mass distribution of the final MRPs. The results of this study suggested that peptide degradation and peptide/amino acid cross-linking properties are highly correlated with the molecular weight of the substrates. In addition, these results are in agreement with the findings of Lan et al. [38] and Liu et al. [39] Song et al. [34] found that the highest antibacterial activity of half-fin anchovy hydrolysate-glucose MRPs was found in the 0.5-5 kDa fractions. In this study, the antioxidant and antibacterial activities of the MRPs generated from CSBPs and fructose were increased as the degree of the Maillard reaction increased (Table 4 ). The greater the degree of the Maillard reaction was, the higher the antioxidant and antibacterial activities of the products. According to the correlation analysis, the antioxidant and antibacterial activities of the MRPs were a positive correlation with the browning index and the content of 2-5 kDa fractions (Table 4 ). When the pH was 12 and fructose concentration was 40 mg/mL, the antioxidant and antibacterial components in the MRPs might be the 2-5 kDa fractions. The difference in substrate and reaction conditions of the Maillard reaction determined the complexity of the MRPs. Therefore, the separation and purification of effective antioxidant and antibacterial components in CSBP-fructose MRPs need to be further studied.
Conclusion
In the present study, the effect of Maillard reaction modification on the CSBPs was investigated. The findings showed that the Maillard reaction modified was helpful in increasing the antioxidant activity of the CSBPs and brought strong antibacterial activity to the CSBPs which had no antibacterial activity originally. In addition, the effects of the Maillard reaction on antioxidant and antibacterial activities were a positive correlation with the fructose concentration and reaction pH. The higher the concentration of fructose and the reaction pH were, the higher the antioxidant and antibacterial activities of the MRPs. In addition, the antioxidant activities of the MRPs were mainly found in the 2-5 kDa fractions. The results indicated that the Maillard reaction was a very effective method for improving the antioxidant and antibacterial activities of bioactive peptides. Due to the complexity of the Maillard reaction and the multiple factors that need to be considered, the antioxidant and antibacterial mechanisms of MRPs need to be further studied. The antioxidant activity used for correlation analysis was the hydroxyl radical scavenging activity. b The antibacterial activity used for correlation analysis was an antibacterial activity to Escherichia coli. * means significant difference at p< 0.05. ** means significant difference at p< 0.01.
